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Antibodies against Affinity-Purified, Surface-Exposed Outer
Membrane Proteins of Edwardsiella ietaluri Block Invasion
into Fathead Minnow Epithelial Cells
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Abstract.-S urface-ex posed outer membrane prote ins
(aMPs) of Edwardsiella ictalLiri were iso lated by selecti ve so lubili zation of inner me mbran e proteins from tota l
me mbrane preparations. Purifica ti on of biotin-labe led,
inso lubl e, surface-ex posed protei ns usi ng stre ptav idin
co lumns was performed , and s in g le-dimen sion sodium
dodecy l ul fate-polyacry lamide ge l e lectrophoresis
(SDS- PAGE) s howed fo ur major aMPs, with apparent
mol ec ular weights of 22, 3 1, 59, and 72 kilodallOn s
(k Da) . Purified surface-ex posed proteins co rresponded
to prote ins iso lated from total outer membrane preparation s reso lved by SDS- PAGE, showing that surfaceexposed proteins are within th e o uter membrane frac tion
and ca n be successfully iso lated using affinity purification. Polyclonal an ti serum aga in t these surfaceexposed aMPs was produ ced in New Zea land white rabbits, and protein recog niti on was determin ed using in ge l We tern anal ys is. Rabbit anti era recognized three
of the four prote in bands (22, 3 1, and 59 kD a). The
produced antisera blocked invas ion of ce lls from fathead
minnow Pimephales promelas by virul ent E. ictaluri,
showin g th at at least one of these prote ins is in vo lved
in initia l bac teria l- host ce ll interactions.

potential target anti gens for ongoing vaccinatio n
efforts.
In an effort to ide nti fy the components of E.
ictaluri involved in host cell adherence and inte rnali zatio n, the in vasion strateg ies of other Enterobacteriaceae members were considered . Within
this family , most of the molecules med iating bacterial ad hesion, and in some cases internalization,
are surface-exposed proteins that res ide (permanently or temporarily) within the bac terial outer
membrane (Mi lle r et al. 1988; Finlay and Falkow
1989; Pulkkinen and Mi ller 199 1). These proteins
serve as membrane-bound ligands and/or secreted
products that allow fo r the exploitation of normal
host cell mechani sms, resulting in bacterial uptake
(lsberg et al. 1987; Finlay and Falkow 1989; Finlay et al. 199 1). The functions of the outer membrane proteins of E. ictaluri are largely unknow n,
although based on data gathered from other members of thi s fam il y of pathogens, surface-exposed
proteins are suspected of being major contributors
to host cell invas ion.
Using the American Type Culture Co ll ection
(Rockvil le, Maryland) reference iso late E. ictaluri
33202, Newton et al. (1990) identifi ed one major
outer membrane protein (molecular weight, 35 kil odaltons [kDa» and nine minor proteins (71 , 51 ,
46,43. 5, 38.5, 37.5, 31.5, 28.5, and 19.5 kDa).
Two o ute r membrane protein s were ide ntifi ed using immune catfish serum in each of two separate
studies; these proteins had molecul ar weig hts of
39 and 37 kDa (Baldwin et al. 1997) and 34 and
60 kDa (Plumb and Klesius 1988) in the two studies, respectively. Klesiu s and Horst (1991) used
monoclonal antibodies to identify 36- and 60-kDa
anti gens from E. ictaluri and showed that these
proteins were localized o n the bacteria l surface.
Although antigenici ty was evaluated in these studies, the in volvement of these proteins in initial host
cell interactio ns was not add ressed , in part due to
the lack of a functional in vitro cell model system.
Identification of several cultured cell lines susceptible to E. ictaluri invas ion has been described

Edwardsiella ictaluri is a gram-negative bacterium in the family Enterobacteriaceae that causes
enteric septicemia of catfish (ESC ; Hawke 1979 ;
Hawke et al. 198 1), the most economica lly important bacterial di sease among commerciall y produced c hannel catfish Ictalurus punctatus. Efforts
to control ESC using variou s vaccination preparations and the few antibioti cs approved for food
fish have proven unsuccessful (Plumb et al. 1986;
Saeed and Plumb 1986; Thune et al. 1993 , 1997a,
1997b). The lack of contro l is due in part to an
incomplete understanding of the pathogenes is of
ESC, co mpounded by ineffective vacc ine formu lati ons and administ ration strategies (and Saeed
Plumb 1986). Identification of the bacterial molecu les involved in the initial invasion of host cell s
wi ll clarify the pathogenesis of ESC and identify
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(Skirpstunas and Baldwin 2002). Susceptible cultured cells provide the necessary model system to
study initial bacterial-host cell interactions.
In thi s study, surface-exposed proteins of E. ictaluri were isolated and polyclonal antisera produced against the purified proteins. Antiserum was
subsequently used as a primary blocking reagent
to determine whether the isolated proteins were
involved in initial bacterial- host cell interactions.
Invasion-blocking assays were performed with one
of the recently defined in vitro systems, utilizing
cells from fathead minnow Pimephales promelas
(Skirpstunas and Baldwin 2002). This study provides the first evidence of invasion blocking of E.
ictaluri into the epithelial cells of cultured fish
us ing antibodies produced against surface-exposed
bacterial outer membrane proteins.
Methods
Bacterial isolates and media.- By way of preparati on, E. ictaluri (laboratory isolate LA 89-9)
we re serially passaged through fingerling channel
catfi sh by gastric intubation and subsequent recovery from kidney cultures (three times) . The isolate was stored in brain-heart infusion broth
(B HIB ; Gibco BRL Life Technologies, Inc. , Gaithersburg, Maryland) containing 20% glycerol at
- 20°e. Prior to use, the bacteria were amplified
in BHIB at 26°C with gentle agitation for 24 hours .
Biotinylation of surface-exposed proteins of E. ictaluri. -After being amplified in BHIB, E. ictaluri
cell s were pelleted by centrifugation at 2,000 x
gravity [g] for 5 min at 4°C and then washed in icecold calcium- and magnesium-free phosphatebu ffered saline (CMF: 0.14 M NaCl , 0.003 M KCI ,
0.008 M Na2HP04, 0.001 M KH 2P0 4 ; pH 7.4) three
ti me . Bacteria were resuspended in CMF to a concentration of approximately 1 X 10Io/mL, as determined by prior dilution plate counts. Bacteria
were exposed to sulfo-N-hydroxysuccinimidebiotin (Sigma, St. Louis, Missouri) at a concentrati on of 0.5 mM in CMF for 60 min at 4°C with
gentle agitation . Nonbound biotin was blocked by
addi ng an equal volume of lO-mM glycine in CMF
foll owed by incubation for 20 min at room temperature. Biotinyl ated bacteria were washed four
ti me as described above and either used immediately or stored in phosphate-buffered saline (PBS)
at - 20°C.
OLiter membrane protein preparation.- The procedures used to isolate outer membrane proteins of
E. ictaluri were simil ar to those reported by Newton
et al. ( 1990) and Baldwin et al. (1997); they employed the selective solubilization of inner mem-
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brane components with sodium lauroyl sarcosine
(SLS ; Sigma), leaving the insoluble, outer membrane components. Briefly, following biotinylation,
bacteria were collected by centrifugation at 2,000
x g for 20 min at 4°C. The pelleted bacteria were
suspended in 10 mL of lO-mM HEPES buffer (N[2-hydroxyethyl]-I-piperazineethanesulfonic acid,
pH 7.4), placed in an ice bath, and sonicated (Model
300 sonicator; Fisher Scientific, Pittsburgh, Pennsylvania) four times for 30 s each. Intact cells and
large debris were removed by centrifugation at
5,000 x g for 20 mi~ at 4°e. Fragmented cell membranes were harvested from the supernatant by centrifugation at 100,000 X g for I h at 4°C. The pellet
was resuspended in 1 mL lO-mM HEPES buffer
(pH 7.4) and inner membrane proteins solubilized
by the addition of 10 mL of 1.5% SLS in 10-mM
HEPES buffer for 30 min at room temperature. The
detergent-insoluble (o uter membrane) fraction was
harvested by centrifugation at 100,000 X g for I h
at 4°C and resuspended in distilled water. The final
protein solution was adjusted to a concentration of
2.0 mg/mL, as determined by the bicinchoninic acid
(BCA) microprotein assay (Pierce, Rockford, Illinoi s) using distilled water. Outer membrane proteins were stored in distilled water at -20°e.
Affinity purification of biotinylated outer membrane protein fraction.-The OMP fraction of E.
ictaluri (2 mg total proteinlmL) was enriched for
labeled, surface-exposed proteins using an affinity
column containing immobilized streptavidin
(Pierce) following the manufacturer's in structions.
Briefly, the column was equilibrated with five column volumes of PBS . The sample solution was
added to the column and allowed to incubate for
30 min to I h. The column was washed with 10
column volumes of binding buffer (50 mM ammonium carbonate and 500 mM NaCI; pH II).
After washing, bound protein was eluted using 510 column volumes of elution buffer (50 mM dithiothreitol). Dithiothreitol breaks the di sulfide
bond between the long-chain spacer arm connecting the streptavidin-biotin complex and the protein itself. The eluted protein fraction was collected, dialyzed overnight against purified di stilled
water, and adjusted to a concentration of approximately 200 ILg/mL using the BCA protein assay
kit (Pierce). Aliquots were stored in distilled water
at -20°e.
Rabbit immunizations.-Polyclonal anti sera
were produced against 25-50 ILg of purified OMPs.
Purified protein preparations were emulsified with
Ribi Adjuvant System- monophosphoryl lipid A
(Ribi ImmunoChem Research, Inc. , Hamilton,
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Montana) as recomme nded to a fi nal vo lume of
1.0 mL at each vaccinatio n time. One millili ter
(each) was injected into two New Zea land white
rabbits, 0.5 mL subcutaneously, 0.3 mL intra muscul arly, and 0 . 1 mL intradermall y (at two sites).
Three boosts of 50 ILg of eluted protein in RASMPL followed every 28 d, fo r a total of 4 immunizations. Serum was obtained 14 d after each
boost by auricular ve nipuncture.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).-SDS- PAG E was perfo rmed usi ng the NuPage system (In vitrogen, San
Francisco, Californi a) as directed by the manufacturer. Commerciall y avail able protein sta.ndards
(See Blue, Invitrogen) were run alongs ide bacteri al
sampl es. Gels were sil ver stained using the Silver
Xpress staining kit (In vitroge n) to ide nti fy outer
membrane protein pro fi les.
Weste rn immunoblol.-Immunoblot screening
was perfo rmed to veri fy the specifi city of the rabbit anti sera produced again st affinit y-purifi ed
aMPs. Total outer membrane protein prepara ti ons
were separated using sta ndard SDS- PAGE, and an
in-gel Western blot was performed using the Unblot Weste rn analys is kit (Pie rce). After a 30-min
exposure to a 50:50 solution of isopro panol and
water, gel strips were probed with a I :25 dilution
of sera from immuni zed rabbits (primary antibod y)
for 1 h at room te mperature with mild ag itati on.
The gel strips were was hed three times fo r 10 min
with a tri s-bu ffe red saline - 0 .5% Tween so lution,
after which secondary antibody (goat anti rabbit
immunoglobulin G labeled with horseradi sh perox idase) was appli ed for I h at room temperature.
The gel strips were was hed as above a nd ex posed
to substrate so lutio n enhanced with luminol
(Pierce) fo r 20 s. The gel strips were then rin sed
with distilled water, pl aced between ce llo phane
sheets, and ex posed to film fo r band visuali zatio n.
Preimmune rabbit anti serum was used as a negati ve cont ro l, as were sa mple lanes ex posed to pri mary or secondar y antibod y onl y.
Lipopolysaccharide (LPS) adsorption of antisemm.- Antibodi es again st LPS were re moved from
test anti sera by mi xing anti sera with an equal volume of puri fied E. ictaluri (LA 89-9) LPS solubili zed at I mg/mL in CM F and incubating the
mi xture at room te mpe rature for 1 h and then at
4°C fo r 6 h. Antibody-LPS co mpl exes were pelleted by centrifugatio n a t 10,000 X g fo r 5 min at
room temperature, and the pell et was di scarded
(Baldwin et al. 1997). The LPS was puri fied using
enzyme digestio n and hot aqueous phenol extracti on as prev iously described (Westphal and Jann

1965). Before use, all anti sera were heat inactiva ted at 56°C fo r 30 min a nd diluted to no more
than 1:25.
In vasion assays.-The fa thead minnow (FHM)
cell line was described prev io usly as a functional
in vitro system fo r the stud y of E. ictaluri pathogenes is (Skirpstunas a nd Baldwin 2002) . Briefly ,
bac teri a were inc ubated wi th epitheli al cell s, followed by selecti ve killing of ex tracellul ar bacteria
by Gentamicin (Gibco BRL). Internali zed bacteria
were subseque ntl y released by lys is of the epithelial cell s with a detergent so luti on (Rubens et al.
1992; Ellinghorst 1994). In vas ion assa ys were perfo rmed in 24-well pl ates (Falco n Primari a, Franklin Lakes , New Jersey) by incubating 6-8 X 106
co lony-fo rming units (CFUs) of E. ictaluri or
Escherichia coli DH5 a (noninvasive control) organi sms with conflue nt FHM cell s (a pproximately
4.0 X 105 cell s/well) for 2 h (the in vasion period)
at 26°C in normal atmosphere. The medium was
removed and the cell s was hed twice with CMF
Medium contain ing 100 ILg/mL Gentami cin was
applied and cell s inc ubated fo r 4 h at 26°C (the
extrace llul ar killing period). Cells were was hed
four times with CMF and 100 ILL of the fin al wash
pl ated onto brain- heart infusion agar or E. ictaluriselecti ve media to e nsure effecti ve killing or removal of extrace llul ar bac teria. Trypan blue was
added to the well s and viable cell counts performed
pri or to cell lysis. The fluid overl ying the cell s was
re moved and ce ll s were lysed with 200 ILL of 1%
Triton X- IOO (Amersham , Arlington Heights, [1 linois) in CMF. After 10 min , samples of the cell
lysate were tri turated using a transfer pipette, seri ally diluted, pl ated on E. ictaluri-selective media
(Shotts and Waltman 1990) or MacCo nkey 's agar
(E. coli), and incubated at 26°C for intracellular
CFU determinati on. Cells that were incubated with
the bac teria but that did not recei ve Ge ntamicin
e nsured bacterial viability thro ugho ut the experime nt. Ce ll s that were taken th ro ugh all assay steps
except hav ing bacteri a added ensured that the cultured cell s we re free of contaminating intracellular
bacteri a and not damaged by was hing or the antibi otic treatme nts.
Invas ion-bloc kin g assays were perfo rmed by incubating 3-4 X 106 cells of E. ictaluri and E. coli
with a 1:4 diluti o n of anti-E. ictaluri-puri fi ed aMP
anti sera fo r 40 min at room temperature with mi ld
agitati on. Test groups included E. ictaluri and E.
coli that were preincubated with anti serum , inc ubated with preimmune antiserum from the same
rabbit (control fo r nonspeci fi c inhibiti on), or un-
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FIGlRE I. -Sodium dodecyl sulfate- polyac rylamide
gel electrophoresis of outer membrane proteins (aMPs)
of Edll'ardsiella iew/llri. Lane I hows the results for the
total aMP preparati ons isolated by means of the sodi um
lauroyl ~a rcos ine solubilizati on procedure. lane 2 the results for biotin- labeled, surface-exposed, affi nity-purifi ed
a MPs. and lane 3 the mo lec ul ar weight standard .

treated (co ntro l for ac ti ve in vas ion ). Assays were
otherwise run as de cribed a bove.
Statistics .- AII invas ion and bloc kin g assays
were perfo rmed in tripli ca te and th e ex periments
repeated in de pendently three tim es. All d a ta were
expressed as the mea n and sta nd ard error or sta ndard deviation. D a ta in bl oc kin g assays were co mpared wi th untrea te d co ntrol us in g Stude nt 's {-tes t
wit h a sig n ifica nce leve l of 0.05.

Results
Biotiny'la tion of urface-exposed o uter m e mb rane pro te ins of E. icwluri with sub equ e nt affin ity purificatio n yie lded four pro te in (w ith molecular we ig hts o f 2 1, 3 1, 59 , a nd 72 kD a) coinciding wit h the protein ba nd s se pa rated from th e
total ou ter membra ne prote in preparati o ns ( Fi g ure
I ). Three o f these (2 1, 3 1, and 59 kDa) were recogniLed by serum fro m both rabbits; as th e quan ti ty of a nt ibody produced was grea ter in o ne rabbit
than in the o ther, however, its serum was emp loyed
in the bloc king ex pe riments. These data indicate
that surface protein of E. ietaluri ca n be successfully labele d a nd iso lated and th a t three of th e four
proteins a re immunogenic when emul ified with
Ribi adj uva nt and admini stered to New Zealand
white rabbits .
Incubat io n of E. ietaluri with a nti erum direc te d
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FI GURE 2.- Relative percent in vas ion of fathead min now cells by virulent E. ieta/uri. Untreated bacteria (no
AB) we re considered to have a re lati ve in vas ion of 100%.
Shown are the mea ns and standard dev iati on of three
independent in vasion-b lockin g trials (i ncubation of E. icw/uri and Escherichia coli with rabbit anti -E. iew/uripurified outer-me mbrane protein an ti serum [postimmune
and E. eo/i , respecti vely1and in cubation of E. iew/llri with
preimmune anti serum from the same rabb it [preimmune]),
eac h performed in triplicat"e.

against urface-ex posed outer membrane proteins
redu ced the invas ion of virulent bac teria by 80.4%
( Fi g ure 2) co mpa red with E. coli untrea ted with
a nti serum (the negative invas ion contro l). The
invas ion- bloc kin g effect was nega ted by anti e ra
diluti o ns of 1:8 and a bo ve, ugge tin g th a t invas ion bl oc kin g d e pe nd on the s pecifi c antibody
co ncentration (Fi g ure 3).

Discussion
Evaluation of the initial inte rac tion s be tween E.
ietaluri and usceptibl e ho st cell s has until now
bee n hampe red by th e lack of a functional in vitro
assay sys te m , leav in g the pa th oge nes is of E. ietaluri at th e m o lec ul a r leve l virtua ll y unkn own .
lde ntifi ca ti o n of c ultured cell lines th at are susceptibl e to E. ietaluri invasion provided th e nee ded
mod e l sys te m (Skirpstun as a nd Baldwin 2002).
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F IGUR E 3.- Relati ve percent invasion of fathead minnow cells by E. iew /llri . Untreated bacteria (no AB) were
co nside red to have a relative in vas ion of 100%. Bacteria
pretreated wi th preimmune an ti erum (pre) and three di lutions of rabbit anti -E. iew/uri-purified outer- memb rane
protein an ti serum were compared. Shown are the mean
and stand ard errors of two indepe ndent in vas ion-blocking
tri als, eac h performed in quadruplicate.
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Although the number of outer membrane proteins
evaluated for potential interaction with host cells
can be limited by selective solubilization of inner
membrane components, the labeling and affinity
purification of surface-exposed proteins provide a
means of evaluating a small number of suspect
molecu les in detail. Isolation and identification of
such proteins was the first goal of this study.
The second goal was to produce an anti serum
against these purified proteins for use as blocking
reagents and to evaluate the role of these proteins
in host cell invasion. The protein s were isolated
using a biotin labeling technique and affinity purification . Biotin complexes are small and react
under mild condition s, making this procedure ideal
for labeling the surface proteins of intact cells and
allowing native protein interactions to occur (Cole
et al. 1987 ; Bayne and Hull 1988 ; Bhakdi et al.
1989).
If the identified proteins function as ligands for
receptors or are necessary for the adherence leading
to bacterial internalization, an antibody against
those proteins can prevent binding to specific cell
receptors. The quantity and specificity of the antibodies produced against different protein epitopes
may interfere with thi s process, as the immunodominant regions may not be those involved in receptor binding. However, production of a polyclonal antibody maximizes the variety of antibodies produced so as to better cover the epitopes exposed on
these proteins. Another complicating factor is that
antibody-recognizing specific proteins may not directly abate internalization if the proteins are involved in adherence only. Adherence and internalization are coupled in the assays used in this study
and are considered a cause-and-effect relationship
rather than being examined independently. Additionally, more than one adhesion- internalization
system may exist, and different cell systems and
types may use different mechanisms of invasion. In
any event, the blocking of internali zation by specific
antibodies that recognize the identified surfaceexposed proteins pinpointed specific molecules on
which to focus, namely, the ones most likely to be
involved in initial bacteri al-host cell interactions.
In this study, the cells of rabbits immunized with
purified E. ictaluri proteins recogni zed three of the
four surface-exposed OMPs. Recognition of only
three proteins may be due either to an inherently
nonimmunogenic nature of the 72-kDa protein or
the failure of the antisera produced from the purified protein to recogni ze the reduced denatured
form as separated by SDS-PAGE. Blocking assays
show that one, two, or all three of these proteins

contribute to the internalization of E. ictaluri into
FHM cells, and the effect is abolished by serial
twofold dilutions at 1:8.
Identification of the bacterial proteins involved
in host cell interactions expands understanding of
the pathogenesis of ESC and allows detailed studies of the proteins themselves. Moreover, the identified proteins may serve as target antigens for vaccine production. Although antibody levels do not
correlate with protection against ESC in channel
catfish (Saeed and Plumb 1986), the proteins
known to be involved in initial interactions with
susceptible cells have not yet been employed as
primary vaccine antigens. Previous work characterizing the immunodominant antigens recognized
by catfi sh immune serum identified bands with estimated molecular weights of 34 and 60 kDa
(Plumb and Klesius 1988) and 37 kDa (Baldwin
et al. 1997). Whether the proteins identified in this
study coincide with those recognized by catfish
serum in other reports remains to be determined.
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